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Introduction {#sec1}
============

The melanocortin pathway to control appetite in the hypothalamus includes POMC neurons in the arcuate nucleus and single-minded family basic-helix-loop-helix transcription factor 1 (Sim1) neurons localized to the paraventricular nuclei (PVN) ([@bib6]). The population of Sim1 neurons in the PVN includes neurons that co-express melanocortin-4 receptor (MC4R) (Sim1/MC4R neurons) and other neurons that lack MC4R and express prodynorphin ([@bib1], [@bib7], [@bib28], [@bib46]). POMC neurons project from the arcuate nucleus to PVN of the hypothalamus to release α-MSH, which binds to melanocortin-4 receptor (MC4R), a G-protein-coupled receptor (GPCR) expressed by Sim1/MC4R neurons to decrease food intake ([@bib1], [@bib6], [@bib7], [@bib28], [@bib56]). In mice, increased dietary fat content induces hypothalamic injury, increases caloric intake, and promotes onset of obesity. Identifying sites of hypothalamic injury in mice with diet-induced obesity (DIO) and discovering underlying mechanisms of injury is considered essential to counteract onset of obesity and its recurrence in humans.

Male rodents treated with high-fat (HF) diet (HFD) have inflammation, gliosis, and neuronal loss, as well as altered response to leptin and insulin in the mediobasal hypothalamus ([@bib16], [@bib18], [@bib53], [@bib54], [@bib61]). Accumulation of saturated fat in the hypothalamus induces inflammatory signaling in the microglia, which contributes to mitochondrial dysfunction in POMC neurons ([@bib24], [@bib37], [@bib58], [@bib59], [@bib63]). In POMC neurons of male rodents, exposure to HFD decreases contact sites between mitochondria and the ability of the endoplasmic reticulum (ER) to process POMC to generate and secrete α-MSH, and synapse formation ([@bib13], [@bib19], [@bib23], [@bib43], [@bib44], [@bib53]). Female mice have injury to the mediobasal hypothalamus to a lesser degree, by mechanisms that include decreased microglial activation and estrogen-dependent protection of POMC neurons ([@bib17], [@bib39]). Thus, in the mediobasal hypothalamus, glial activation and inflammation are major inducers of damage to hypothalamic POMC neurons.

In the arcuate nucleus, profound injury by exposure to HFD takes place in male but not in female mice. Differently, we have found that DIO induces in PVN injury to Sim1 neurons and neuronal loss in both male and female mice to a similar extent ([@bib36]). Local microgliosis, although evident in the arcuate nucleus, does not take place in the PVN ([@bib36]). In DIO, steroidogenic factor (SF-1)-expressing neurons localized to the ventromedial hypothalamus become hypersensitive to insulin and contribute to loss of POMC neuron activity ([@bib25], [@bib54]). In DIO, MC4R signaling within the melanocortin pathway also becomes over-responsive to MC4R agonists ([@bib19]). We have proposed that the hyper-responsiveness to MC4R agonist in mice with DIO, rather than being due to increased MC4R expression, is instead another consequence of hypothalamic injury with impaired clathrin-dependent endocytosis and blunted MC4R desensitization ([@bib14]). Whether and to what extent DIO induces injury to Sim1/MC4R neurons of the PVN and changes expression of MC4R protein is a central question that has not yet been addressed. This work finds that abundance of MC4R protein is reduced by DIO. Moreover, dietary intervention to reverse obesity results in restored MC4R protein abundance likely because of selective survival of the Sim1/MC4R neurons in male and female mice with DIO. Differently, non-Sim1/MC4R neurons are decreased by DIO and restored neurogenesis by dietary intervention is insufficient to replace lost PVN neurons even when mice return to their normal weight.

Results {#sec2}
=======

In the PVN of Male and Female Sapphire Mice with Diet-Induced Obesity, There Is Neuronal Loss, but the Number of Sim1/MC4R Neurons Is Instead Unchanged {#sec2.1}
-------------------------------------------------------------------------------------------------------------------------------------------------------

Exposure to HFD induces loss of neurons in the arcuate nucleus and decreases α-MSH protein abundance in POMC neurons in male mice ([@bib36], [@bib43], [@bib53]). Differently, exposure to HFD induces injury to Sim1 neurons and loss of neurons in the PVN of both male and female mice ([@bib36]). Sim1 neurons in the PVN include the subpopulation of MC4R neurons (Sim1/MC4R neurons), which regulate satiety and body weight ([@bib7], [@bib28]). Here, we asked whether exposure to HFD decreases the population of Sim1/MC4R neurons by using Sapphire mice, which express GFP under melanocortin-4 receptor promoter. A group of 8-week-old male Sapphire mice (starting weight = 24.5 ± 0.56 g) and another group (starting weight = 25.4 ± 1.8 g) were treated in parallel with low fat (LF) (control group) and palm oil-based HFD with 45% kcal derived from fat ([@bib36]), respectively, for a total of 8 weeks. After 7 weeks, all mice were treated with 5-bromo-2′-deoxyuridine (BrdU, 50 mg/kg body weight per day) for 1 week ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Exposure to HFD for 8 weeks increased caloric intake in male (by 28.1 ± 3.9%, p \< 0.0001) and female mice (by 41.0 ± 10.6%, p \< 0.0001) ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1F). After 8 weeks of treatment, exposure to HFD also increased body weight in male and female Sapphire mice (by 30.9 ± 5.4%, p \< 0.0001 and by 27.8 ± 5.6%, p \< 0.05, respectively) ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1G). Male, but not female, Sapphire mice had also increased serum leptin (by 3.7 ± 1.6-fold, p \< 0.001) ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1H). Thus, exposure to HFD induces weight gain both in male and female mice, with metabolic effects being more pronounced in male mice. Male, but not female, Sapphire mice exposed to HFD for 8 weeks had reduced α-MSH in the arcuate nucleus (by 70.7 ± 15.4%, p \< 0.001) ([Figures 1](#fig1){ref-type="fig"}A and 1E). Therefore, 8-week exposure of Sapphire mice to HFD induces injury to POMC neurons in the arcuate nucleus of males but not of females. Exposure to HFD decreased the number of NeuN-positive cells in the PVN of male and female mice by 44.2 ± 13.7%, p \< 0.01 and by 70.6 ± 18%, p \< 0.0001, respectively ([Figures 1](#fig1){ref-type="fig"}B and 1F), indicating neuronal loss at this location. To determine whether in male and female Sapphire mice neuronal loss included the population of Sim1/MC4R neurons, we visualized these neurons by the GFP expressed under the MC4R promoter ([@bib29]). In these mice, GFP is undetectable by direct fluorescence microscopy and is visualized by staining with anti-GFP antibodies. By counting the number of GFP-positive cells, exposure to HFD did not decrease Sim1/MC4R neurons in male and female mice ([Figures 1](#fig1){ref-type="fig"}B and 1F).Figure 1In the PVN of Male and Female Sapphire Mice with Diet-Induced Obesity (DIO), There Is Neuronal Loss, but the Number of Sim1/MC4R Neurons Is Instead Unchanged(A--H) Confocal microscopy of brain sections from male and female Sapphire mice exposed to LF diet (LFD) and HFD (HFD). Males, LFD, n = 6--7 and HFD, n = 6--7; females, LFD, n = 6--7 and HFD, n = 6--7. (A) and (E) Intensity of α-MSH immunostaining in arcuate nucleus derived from four maximum intensity projection (MIP) images per mouse. (B) and (F) Number of NeuN-expressing cells and number of GFP-expressing Sim1/MC4R neurons in the PVN derived from two MIP images per mouse. (C) and (G) Number of BrdU-positive nuclei in PVN derived from two MIP images per mouse. (D) and (H) Percentage of PVN Sim1/MC4R neurons with BrdU-positive nuclei from two MIP images per mouse. Dotted line in (A) and (E) outlines arcuate nucleus; dotted line in (B), (C), (F) and (G) outlines PVN; scale bars in (A--C) and (E--G), 60 μm; scale bars in (D) and (H), 10 μm; data in all graphs are normalized. ∗∗p \< 0.01, ∗∗∗p \< 0.001; ∗∗∗∗, p \< 0.0001. Data are represented as mean values +/- SD.

There is evidence that neurogenesis takes place both in juvenile and adult hypothalamus and that this process is decreased in mice exposed to HFD ([@bib26], [@bib27], [@bib31]). It is possible that persistence of the entire Sim1/MC4R neuronal population in mice with DIO is because regeneration of these neurons increases under HF feeding conditions and replenishes the lost neurons. In the adult rodent hypothalamus, tancytes localized to the ependymal layer of the third ventricle are neural progenitors ([@bib64]). In neurogenesis, ependymal tancytes undergo proliferation, which can be monitored by BrdU incorporation in DNA, and then migrate as neuronal precursors to the brain parenchyma ([@bib8], [@bib30], [@bib62]). To monitor this process in Sapphire mice, males and females were given BrdU daily for 7 days by intra-peritoneal injection prior to sacrifice ([Figure S1](#mmc1){ref-type="supplementary-material"}A). In brain sections, BrdU immunostaining revealed robust cell labeling in the ependymal layer, indicating that preferential proliferation of brain tancytes is clearly detectable under our experimental conditions (white arrowheads). BrdU labeling appeared also in the PVN, suggesting the existence of cells that underwent proliferation during the Brdu pulse in the brain parenchyma. By measuring with ImageJ the fluorescence intensity of the BrdU-positive particles, the abundance of BrdU immunostaining per particle was decreased by 30.3% in cells localized to PVN as compared with that of cells localized in the ependymal layer. Thus, in the 3--8 days of chase after the BrdU pulse and before sacrifice ([Figure S1](#mmc1){ref-type="supplementary-material"}A), a fraction of cells localized to PVN may have undergone one more cell division than cells localized to the ependymal layer. In both male and female Sapphire mice with DIO, incorporation of BrdU in the PVN was decreased by 87.3 ± 33.6%, p \< 0.001 and by 65.9 ± 37.8%, p \< 0.01, respectively. Thus, DIO induces a decrease of cells localized to PVN that proliferated during or after the 1-week interval of BrdU delivery ([Figures 1](#fig1){ref-type="fig"}C and 1G). Next, we asked whether cells that proliferated during the BrdU pulse were also able to differentiate to MC4R neurons. Sapphire mice express GFP under the MC4R promoter, thus allowing identification of these neurons ([@bib29], [@bib38]). In male and female mice, nuclear incorporation of BrdU took place in 14.5 ± 4.05% and 20.24 ± 11.57% of the GFP-positive cells, respectively. Thus, PVN Sim1/MC4R neurons regenerate rapidly in male and female Sapphire mice ([Figures 1](#fig1){ref-type="fig"}D and 1H). DIO decreased neurogenesis of the Sim1/MC4R neurons by 72.3 ± 25.7%, p \< 0.001 in male, but not in female, mice ([Figures 1](#fig1){ref-type="fig"}D and 1H). Thus, in male mice with DIO, regeneration of Sim1/MC4R neurons is profoundly decreased, whereas the number of Sim1/MC4R neurons is nevertheless maintained. Thus, at least in male mice with DIO, neurogenesis does not appear relevant to maintain the size of Sim1/MC4R neuronal population.

In Sim1/MC4R Neurons of Male and Female Mice, DIO Induces Loss of CoxIV Abundance, Decreased Mitochondria Content, and Extension of Mitochondrial Network {#sec2.2}
---------------------------------------------------------------------------------------------------------------------------------------------------------

In DIO, Sim1/MC4R neurons, rather than undergoing cell death, may be at earlier stages of neuronal dysfunction. A feature of neuronal degeneration is injury to mitochondria with malfunctions in mitochondrial respiration ([@bib11]). Cytochrome *c* oxidase (Cox) is a multi-subunit enzyme located in the inner mitochondrial membrane that functions as the terminal component of the electron transport chain. Low levels of subunit IV of Cox (CoxIV) in human peripheral tissues is associated with mitochondrial dysfunction, obesity, and type 2 diabetes ([@bib60]). To determine whether DIO induces loss of CoxIV in Sim1/MC4R neurons, we measured its cell abundance in matching sections of the hypothalamus derived from Sapphire mice. In male and female mice exposed to HFD, cell abundance of subunit IV of Cox (CoxIV) in Sim1/MC4R neurons of the PVN was decreased (by 60.3 ± 20 .9%, p \< 0.05 and by 57.3 ± 15.5%, p \< 0.01, respectively) ([Figures 2](#fig2){ref-type="fig"}A and 2C). Mitochondria form networks in different cell types including neurons ([@bib5]), and DIO has been found to disrupt mitochondrial networks in POMC neurons of the arcuate nucleus ([@bib43]). We used superresolution microscopy of CoxIV immunostaining to determine the size of mitochondrial network under normal conditions and DIO in Sim1/MC4R neurons. We reasoned that interconnected mitochondria would appear as a single particle of larger size than a single mitochondrion. We then measured, in GFP-positive cells, the area of CoxIV immunostaining detected as a single particle by the ImageJ analysis tool. To this end, for each condition, mitochondrial particles were divided by size into ten groups (group 1 has particles of smallest size; group 10 has particles of largest size), with each group containing the same number of particles (from LF diet \[LFD\] mice, 5,923 total particles derived from 104 Sim1/MC4R neurons, 592 particles per group; HFD, 4,556 total particles derived from 118 Sim1/MC4R neurons, 455 particles per group). The same type of analysis was carried out on samples female mice on HFD (LFD, 10,670 particles derived from 103 Sim1/MC4R neurons, 1,067 particles per group; HFD diet, 7,740 particles derived from 103 Sim1/MC4R neurons, 774 particles per group). DIO reduced the size of mitochondrial area within group 10 by 62.2 ± 9.6%, p \< 0.001 in male mice and by 57.0 ± 13.9%, p \< 0.01 in female mice ([Figures 2](#fig2){ref-type="fig"}B and 2D), thereby suggesting that DIO decreases the extension of mitochondrial network in Sim1/MC4R neurons. HFD also reduced mitochondrial cell coverage area in the Sim1/MC4R neurons of male and female mice by 47. 7 ± 16.2%, p \< 0.05 and by 46.6 ± 15.4%, p \< 0.05, respectively ([Figures 2](#fig2){ref-type="fig"}B and 2D). Thus, in male and female mice with DIO, there is mitochondrial injury with loss of cell CoxIV, loss of mitochondria, and reduced size of mitochondrial network in Sim1/MC4R neurons.Figure 2In Sim1/MC4R Neurons of Male and Female Mice, DIO Induces Loss of CoxIV Abundance, Decreased Mitochondria Content, and Extension of Mitochondrial Network(A--D) Fluorescence microscopy of brain sections from Sapphire mice exposed to LF diet (LFD) and HF diet (HFD). (A) and (C) Intensity of CoxIV immunostaining (red fluorescence) in Sim1/MC4R neurons identified by GFP immunostaining (green fluorescence) in PVN of males (LFD, n = 5 and HFD, n = 5) and females (LFD, n = 8, HFD, n = 7). Each data point was obtained by taking the average of CoxIV intensity from 25 to 30 Sim1/MC4R neurons using five confocal images taken with 60× objective per mouse. Data are normalized; scale bar, 20 μm. (B) and (D) Super-resolution fluorescence microscopy images of sections from male Sapphire mice (LFD, n = 5 and HFD, n = 5) and female Sapphire mice (LFD n = 5 and HFD n = 5). Mitochondria size is in μm^2^; mitochondrial coverage area is normalized; scale bar, 5 μm. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001. Data are represented as mean values +/- SD.

Exposure to Elevated Palmitate Is Sufficient to Induce Loss of CoxIV and to Disrupt Mitochondrial Function in Primary Hypothalamic Neurons {#sec2.3}
------------------------------------------------------------------------------------------------------------------------------------------

In DIO, levels of hypothalamic palmitate are increased with activation of microglia, inflammation, and neuronal injury that includes changes in mitochondrial dynamics and disrupted mitochondrial morphology in POMC neurons ([@bib16], [@bib53], [@bib58], [@bib59]). However, microgliosis does not take place in the PVN of mice with DIO ([@bib36]), whereas Sim1/MC4R neurons still develop mitochondrial injury at this location. Exposure of neuronal Neuro2A cells to elevated palmitate has direct effects to promote ER stress and to decrease expression of exogenous MC4R in neuronal cells ([@bib14], [@bib15], [@bib32]). To determine whether exposure to elevated saturated fat induces direct injury to mitochondria, Neuro2A cells expressing HA-MC4R-GFP ([@bib32]) were exposed to 250 μM palmitate. In these cells, abundance of ER proteins, detected by KDEL immunostaining, was increased by 68.6%, p \< 0.0001, whereas abundance of HA-MC4R-GFP and of CoxIV were instead decreased by 46.4%, p \< 0.0001 and by 25.8%, p \< 0.0001, respectively ([Figures 3](#fig3){ref-type="fig"}A--3D). These data suggest that, in neuronal cells exposed to elevated palmitate, loss of MC4R is paralleled both by ER stress and by loss of CoxIV. Next, we determined whether loss of CoxIV takes place in primary cultures of hypothalamic neurons exposed to elevated saturated fat and associates with mitochondrial dysfunction. To this end, the hypothalamic neurons were incubated without or with 250 μM palmitate for 48 h. Fluorescence intensity of MitoTracker Red CMXRos (MitoTracker) monitors mitochondria membrane potential (MMP) in live cells ([@bib49]). Exposure to elevated palmitate decreased MitoTracker fluorescence intensity per cell by 41.8 ± 22.8%, p \< 0.0001 ([Figures 3](#fig3){ref-type="fig"}E and 3F), indicating loss of capacity to generate MMP. After cell fixation, co-immunostaining of primary hypothalamic neurons with anti-CoxIV finds that cell abundance of the protein is decreased by 38.4 ± 10.1%, p \< 0.0001 as compared with that of neurons that were not exposed to the elevated fatty acid ([Figures 3](#fig3){ref-type="fig"}E and 3G). These data suggest that exposure of hypothalamic neurons to elevated palmitate has direct effects to reduce CoxIV abundance and to disrupt mitochondrial function.Figure 3Exposure to Elevated Palmitate Is Sufficient to Induce Loss of CoxIV and to Disrupt Mitochondrial Function in Primary Hypothalamic Neurons(A--D) Confocal microscopy of Neuro2A cells stably expressing HA-MC4R-GFP and incubated with and without palmitate for 16 h. HA-MC4R-GFP (green), KDEL immunostaining (red), and COXIV immunostaining (magenta). (B--D) Quantification of HA-MCR-GFP fluorescence, KDEL and COXIV immunostaining. Each symbol in graph corresponds to the value measured from one cell (n = 75 cells).(E--G) Confocal microscopy of primary hypothalamic neurons treated without palmitate or with 250 μM palmitate for 48 h and exposed to MitoTracker for 30 min, fixed and immunostained for CoxIV. (F) Quantification of MitoTracker fluorescence intensity by live microscopy. (G) Quantification of CoxIV immunostaining in images of fixed cells including that in (F). Data from 12 to 13 cells per condition are normalized; scale bars, 10 μm. ∗∗p \< 0.01. ^∗∗∗∗^ p \< 0.0001. Data are represented as mean values +/- SD.

The *in vitro* data of [Figure 3](#fig3){ref-type="fig"} suggest that DIO may induce in the PVN, in addition to mitochondrial loss, also loss of MC4R protein. Currently, there is a lack of reliable antibodies to detect MC4R protein. Recently, MC4R has been visualized in knockin mice by the addition of a GFP tag placed at the C terminus of the receptor ([@bib48]). However, immunostaining with antibodies against the GFP tag at the C terminus of the protein did not allow for a direct visualization of MC4R distribution at low magnification to study distribution and abundance of the protein in the brain. We reasoned that a smaller HA tag placed at the C terminus of the receptor together with the use of an enzyme-linked immunoassay for signal amplification might instead monitor MC4R expression in Sim1/MC4R neurons of the PVN and of other brain regions. We have previously shown that HA-MC4R-GFP expressed in Neuro2A cells localizes to the plasma membrane and is continuously internalized by clathrin-dependent endocytosis ([@bib14], [@bib32]). By using an anti-HA monoclonal antibody, we find that human MC4R with two HA tags placed at the C terminus of the receptor MC4R-HA was also predominantly localized at the intracellular compartment, where it co-localized with clathrin ([Figure S2](#mmc1){ref-type="supplementary-material"}A). When treated with the synthetic MC4R agonist MTII, Neuro2A cells expressing HA-MC4R-GFP and MC4R-HA had increased intracellular cAMP level (by 89.1%, p\< 0.001% and by 68.9%, p \< 0.01) ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Dose-response experiments indicated that response to MTII of human MC4R-HA (EC~50~ = 39.81 nM) was similar to that of human MC4R ([@bib52]) and ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Thus, the HA tag does not impair cAMP receptor signaling. CRISPR-Cas9 was used to generate knockin MC4R-HA mice with two HA tags placed at the C terminus of endogenous MC4R ([Figure S2](#mmc1){ref-type="supplementary-material"}D). PCR and DNA sequencing showed that HA peptides were inserted at the C terminus of the endogenous MC4R ([Figure S2](#mmc1){ref-type="supplementary-material"}E). MC4R-HA was detected in PVN sections derived from MC4R-HA^+/-^ mice, but not from wild-type (WT) mice. MC4R-HA also was detectable in other regions of the brain known to express MC4R mRNA such as the lateral olfactory tract (LOT); CA1, CA2, CA3 of the hippocampus; medial preoptic area (MPO); medial amygdala (MeA); dorsal motor nucleus of vagus (DMV); and supraoptic nucleus (SON) ([Figures 4](#fig4){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}F) ([@bib29]). Next, we tested the cellular localization of MC4R-HA. MC4R-HA immunostaining was at the cell body and at processes of PVN neurons. At locations outside and inside of the PVN (red and cyan boxes, respectively, [Figure 4](#fig4){ref-type="fig"}B) MC4R-HA was found at discrete sites, with some appearing along neuronal processes (cyan arrowheads). Some of the MC4R-HA sites co-localized with PSD95 (magenta and white arrowheads at low and high magnification, respectively), thereby suggesting that a fraction of cell receptor localizes to post-synaptic sites. To validate at the single cell level expression of MC4R-HA in Sim1/MC4R neurons, MC4R-HA mice were crossed with Sapphire mice to obtain Sapphire:MC4R-HA mice ([Figure 4](#fig4){ref-type="fig"}C). MC4R-HA was expressed at the cell body of PVN neurons that also expressed GFP (magenta arrows) and at some (orange arrowheads) but not all (magenta arrowheads) neuronal processes ([Figure 4](#fig4){ref-type="fig"}C). Axons from Sim1/MC4R neurons project out of the PVN to reach the parabrachial nucleus ([@bib28]). To further explore whether MC4R-HA localizes to neuronal processes of Sim1/MC4R neurons, we crossed Sim1-Cre^+/-^: Rosa-mEGFP^+/+^ with MC4R-HA^+/+^ mice to obtain Sim1-Cre^+/-^: Rosa-mEGFP^+/-^: MC4R-HA^+/+^ mice. In these mice, membrane-bound EGFP (mEGFP) appeared as bright green fluorescence at the cell membrane of Sim1/MC4R neurons and along processes projecting outside of the PVN. MC4R-HA was expressed at the cell body ([Figure 4](#fig4){ref-type="fig"}D, white arrowheads) and at discrete sites of long processes that appear to represent axons of Sim1/MC4R neurons coursing through neighboring regions outside of the PVN (cyan arrows, [Figure 4](#fig4){ref-type="fig"}D, and at higher magnification, magenta arrowheads [Figure 4](#fig4){ref-type="fig"}E). To determine whether axons of Sim1/MC4R neurons have post-synaptic sites, we prepared primary hypothalamic neurons from the Sim1-Cre ^+/−^: Rosa-mEGFP^+/-^ mice (n neurons = 10). The Sim1 neurons in primary culture extend short processes morphologically identified as dendrites (orange arrows) and one long process (∼0.4 mm), identified as an axon, where PSD95 was accumulated at discrete spots ([Figure 4](#fig4){ref-type="fig"}F). Together, data suggest that Sim1/MC4R neurons have post-synaptic sites along axons.Figure 4In MC4R-HA^+/-^ Mice, MC4R-HA Protein Is Expressed in Sim1/MC4R Neurons, Where it Localizes to Post-Synaptic Sites of Neuronal Processes(A) Confocal microscopy of brain sections derived from wild-type (WT) and MC4R-HA^+/-^ mice immunostained with anti-HA. 3V, third ventricle; LOT, lateral olfactory tract; CA1, CA2, CA3, hippocampus regions 1, 2, and 3; scale bar, 60 μm.(B) HA (green fluorescence) and PSD95 (red fluorescence) immunostaining of brain sections that include the PVN (outlined by a yellow line) derived from MC4R-HA^+/-^ mice; a region outside PVN (red box) and a region inside PVN (cyan box) shows sites of MC4R-HA and PSD95 at low magnification; scale bar, 40 μm. The region outside of PVN (red line) and inside PVN (cyan line) are shown at higher magnifications in the two right panels; scale bar, 20 μm; sites of MC4R-HA immunostaining with (white arrowheads) and without (cyan arrowheads) co-localization with PSD95.(C) Confocal microscopy of brain sections from Sapphire^+/-^:MC4R-HA^+/-^ mice. Magenta arrows, HA immunostaining in the soma of Sim1/MC4R neurons expressing GFP; orange arrowheads, HA immunostaining in processes of Sim1/MC4R neurons expressing GFP; magenta arrowheads, processes of Sim1/MC4R neurons lacking HA immunostaining. Scale bar, 10 μm.(D) Confocal microscopy of brain sections from Sim1-Cre^+/-^: Rosa-mEGFP^+/-^:MC4R-HA^+/-^ mice. In Sim1/MC4R neurons expressing mEGFP (green), HA immunostaining (red) is detectable at neuronal processes (indicated by cyan arrows) projecting outside the PVN (indicated by cyan line); scale bar, 80 μm. At increased magnification, HA immunostaining localizes to cell bodies of Sim1/MC4R neurons expressing mEGFP; scale bar, 10 μm.(E) At high magnification, MC4R-HA localizes to neuronal processes of Sim1/MC4R neurons projecting from the PVN (scale bar, 10 μm).(F) PSD95 immunostaining in primary hypothalamic Sim1 neurons derived from Sim1-Cre^+/-^: Rosa-mEGFP^+/-^ mice. Orange arrows indicate processes morphologically identified as dendrites, and white arrows indicate a process morphologically identified as axon. Black scale bars, 20 μm. At higher magnification, white arrowheads indicate sites of PSD95 accumulation along the axon. Magenta scale bar, 5 μm.

DIO Induces Loss of MC4R-HA Specific to PVN in Male and Female MC4R-HA^+/-^ Mice {#sec2.4}
--------------------------------------------------------------------------------

It is possible that, although signaling of tagged MC4R-HA appears unchanged as compared with that of MC4R ([Figure S2](#mmc1){ref-type="supplementary-material"}), yet the HA tag might disrupt some other receptor properties relevant to appetite control. To test that, we compared food intake by adult male and female MC4R-HA^+/-^ and WT mice ([Figure S3](#mmc1){ref-type="supplementary-material"}A). At 8 weeks of age, when weight and food intake started being recorded, knockin heterozygous male and female MC4R-HA^+/-^ mice were heavier than their WT siblings by 13.2 ± 4.0%, p \< 0.0001 and by 11.0 ± 6.2%, p \< 0.01, respectively ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3J). Thus, tagged MC4R-HA induces mild increase in body weight at young age. However, for the following 8 weeks, food intake and percentage weight gain of male and female MC4R-HA^+/-^ mice were not different from those of WT mice ([Figures S3](#mmc1){ref-type="supplementary-material"}D, S3E, SK, and SL). We then asked whether exposing male and female MC4R-HA^+/-^ mice to HFD for 8 weeks starting at 8 weeks of age increased caloric intake and weight gain ([Figure S3](#mmc1){ref-type="supplementary-material"}B). In male and female MC4R-HA^+/-^ mice, exposure to HFD increased caloric intake by 40.0 ± 8.8%, p \< 0.0001 and 38.6 ± 6.2%, p \< 0.0001, respectively ([Figures S3](#mmc1){ref-type="supplementary-material"}F and S3M), body weight by 55.8 ± 13.6%, p \< 0.0001 and 45.6 ± 3.4% p \< 0.0001, respectively ([Figures S3](#mmc1){ref-type="supplementary-material"}G and S3N), and blood glucose by 11.3 ± 5.3%, p \< 0.05, and 36.4 ± 7.6%, p \< 0.001, respectively ([Figures S3](#mmc1){ref-type="supplementary-material"}H and S3O). Exposure to HFD induced in male, but not in female mice, increased insulinemia by 3.7 ± 1.1-fold, p \< 0.0001 ([Figures S3](#mmc1){ref-type="supplementary-material"}I and S3P). Thus, HF feeding induces in MC4R-HA^+/-^ mice increased caloric intake likely contributing to increased weight and altered metabolism. Next, we asked whether DIO decreases MC4R in Sim1/MC4R neurons by using MC4R-HA^+/-^ mice exposed to LFD and HFD as in [Figure S3](#mmc1){ref-type="supplementary-material"}. The brain was harvested at sacrifice and matched brain sections were immunostained with the anti-HA antibody. Regions of interest (ROIs) of the same areas were drawn to outline the PVN. Exposure to HFD decreased MC4R-HA fluorescence pixel density in the PVN of male and female MC4R-HA^+/-^ mice by 66.3 ± 25.1%, p \< 0.0001 and by 76.5 ± 19.0%, p \< 0.0001, respectively ([Figures 5](#fig5){ref-type="fig"}A and 5D). Conversely, in the same brain sections, MC4R-HA fluorescence intensity in LOT and SON were unchanged ([Figures 5](#fig5){ref-type="fig"}B, 5C, 5E, and 5F). Together, these data indicate that, in male and female mice, DIO induces loss of MC4R protein abundance specific to the PVN.Figure 5DIO Induces Loss of MC4R-HA Specific to PVN in Male and Female MC4R-HA^+/-^ Mice(A--C) Confocal microscopy of brain sections derived from male MC4R-HA^+/-^ mice immunostained with anti-HA. PVN, LFD, n = 8 and HFD, n = 9 (A); LOT, LFD, n = 5, HFD, n = 6 (B); SON, LFD, n = 8, HFD, n = 9 (C).(D--F) Confocal microscopy of brain sections derived from female MC4R-HA^+/-^ mice immunostained with anti-HA. PVN, LFD, n = 8, HFD, n = 9 (D); LOT, LFD, n = 5, HFD, n = 6 (E); SON, LFD, n = 7, HFD, n = 9 (F). Data were from 4 MIP per mouse; data in graphs are normalized; scale bar, 80 μm. ^∗∗∗∗^, p\<0.0001. Data are represented as mean values +/- SD.

In Male and Female MC4R-HA^+/-^ Mice with DIO, Switching to an LFD Decreases Caloric Intake, Restores Normal Weight, and Reverts Hepatosteatosis {#sec2.5}
------------------------------------------------------------------------------------------------------------------------------------------------

When WT mice with DIO are returned to LFD, they lose weight and have restored leptin sensitivity in the arcuate nucleus of the hypothalamus ([@bib13], [@bib19], [@bib55]). To determine whether MC4R-HA^+/-^ mice with DIO also return to normal weight upon dietary intervention, two cohorts of 8-week-old animals were exposed for 8 weeks to LFD and to HFD, respectively. Mice exposed to LFD at the beginning of the diet treatment remained on the LFD for the entire duration of the study. Differently, at 16 weeks of age, one group of mice derived from the cohort of MC4R-HA^+/-^ mice fed with the HFD continued to remain on the HFD, whereas another group was switched to the LFD. Mice remained on these diets for another 4 weeks until the end of the study ([Figure 6](#fig6){ref-type="fig"}A). In the week immediately following the switch of diet from HF to LF male and female mice with DIO dropped their caloric intake (by 51.5 ± 18.8%, p \< 0.01 and 42.9 ± 9.9%, p \< 0.05 respectively) and then, after another week, returned to the same caloric intake as that of mice constantly kept on the LFD ([Figures 6](#fig6){ref-type="fig"}B and 6H). After switching the diet from HF to LF, male and female mice with DIO returned to the same weight as that of mice constantly fed with LFD within 1 and 2 weeks, respectively ([Figures 6](#fig6){ref-type="fig"}C and 6I). Four weeks after switching male and female mice with DIO from HF to LFD, leptin concentration in serum collected at sacrifice was at the same level as that of mice kept constantly on the LFD and decreased by 2.6 ± 0.47-fold, p \< 0.0001 and by 2.4 ± 0.7-fold, p \< 0.001, respectively, as compared with that of mice constantly kept on HFD ([Figures 6](#fig6){ref-type="fig"}D and 6J). Four weeks after switching the diet from HF to LF, male serum insulin was at the same level as that of male mice kept constantly on the LFD and decreased by 1.9 ± 0.5-fold, p \< 0.05 as compared with that of male mice constantly kept on HFD ([Figure 6](#fig6){ref-type="fig"}E). Differently, in female mice with DIO exposed to the switch of diet from HF to LF, insulin serum level was increased by 2.1 ± 0.4-fold, p \< 0.01, as compared with that of female mice that received LFD for the entire duration of the study ([Figure 6](#fig6){ref-type="fig"}K). Exposure to HFD induces altered lipid metabolism, which results in hepatosteatosis in humans and rodents ([@bib35], [@bib42]). In livers of male and female MC4R-HA^+/-^ mice kept on HFD liver abundance of lipid droplets visualized by Nile Red staining was increased by 4.8 ± 1.4-fold, p \< 0.0001 and by 4.7 ± 1.7-fold, p \< 0.001, respectively, as compared with that of mice constantly kept on LFD ([Figures 6](#fig6){ref-type="fig"}F and 6L). We have found that, in mice exposed to HFD, loss of the ER chaperone Grp78/BiP in pericentral hepatocytes parallels hepatosteatosis ([@bib57]). Abundance of Grp78/BiP in pericentral hepatocytes of male and female MC4R-HA^+/-^ mice was decreased by 89.0 ± 48.4%, p \< 0.01 and by 87.0 ± 20.0%, p \< 0.0001, respectively, as compared with that of mice constantly kept on LFD ([Figures 6](#fig6){ref-type="fig"}G and 6M). Four weeks after switching the diet from HF to LF, the liver lipid droplet content and expression of GrP78/BiP in pericentral hepatocytes of male and female mice returned to the same level as that of mice kept on the LFD for the entire duration of the study ([Figures 6](#fig6){ref-type="fig"}F, 6G, 6L, and 6M). Thus, MC4R-HA^+/-^ male and female mice with DIO, when switched to LFD, reduce their caloric intake, lose weight, and have normal levels of hepatic lipid and ER chaperone content, as well as normalized leptin levels. However, female mice that returned to normal weight after DIO have hyper-insulinemia, whereas male mice under the same conditions have normalized insulin levels. Overall, data indicate similarity of MC4R-HA^+/-^ mice and WT mice exposed to HF feeding to revert adverse metabolic effects by DIO upon dietary intervention.Figure 6In Male and Female MC4R-HA^+/-^ Mice with DIO, Switching to a LF Diet Decreases Caloric Intake, Restores Normal Weight, and Reverts Hepatosteatosis(A) Timeline.(B--G) Male MC4R-HA^+/-^ mice, arrow shows time of diet switch; food intake and body weight, LFD, n = 8, HFD, n = 10, HFD to LFD, n = 10 (B--E); serum leptin, LFD, n = 6, HFD, n = 6, HFD to LFD, n = 6 (D); serum insulin, LFD, n = 8; HFD, n = 7; HFD to LFD, n = 8 (E); (F--G) Confocal microscopy of liver, normalized data are from three MIP images per mouse; liver lipid droplets, LFD, n = 4, HFD n = 6, HFD to LFD, n = 6 (F); liver Grp78, LFD, n = 5; HFD, n = 6, HFD to LFD diet n = 4 (G). (B and C) Data are represented as mean values +/- SEM. (D--G) Data are represented as mean values +/- SEM.(H--M) Female MC4R-HA^+/-^ mice, arrow shows time of diet switch; food intake and body weight, LFD, n = 9, HFD, n = 7, HFD to LFD, n = 8 (H--I); serum leptin, LFD, n = 8; HFD, n = 7; HFD to LFD, n = 7 (J); serum insulin, LFD, n = 7; HFD, n = 6; HFD to LFD, n = 7 (K). (L and M) Confocal microscopy of liver, normalized data are from three MIP images per mouse; liver lipid droplets, LFD, n = 5, HFD n = 5, HFD to LFD, n = 5 (L); liver Grp78, LFD, n = 5; HFD, n = 6, HFD to LFD, n = 6 (M). Scale bars, 60 μm. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001; ∗∗∗∗, p \< 0.0001. (H and I) Data are represented as mean values +/- SEM. (J--M) Data are represented as mean values +/- SEM.

In the PVN of Male and Female MC4R-HA^+/-^ Mice with DIO, Change of Diet Restores Neurogenesis {#sec2.6}
----------------------------------------------------------------------------------------------

It is possible that, when mice return to their normal weight after DIO, neurogenesis replaces lost PVN neurons. To monitor neurogenesis upon dietary change, male and female MC4R-HA^+/-^ mice were given daily 50 mg/kg BrdU during the first week immediately after the switch of diet from HF to LF ([Figure 6](#fig6){ref-type="fig"}A). In male and female MC4R-HA ^+/−^ mice exposed to HFD, nuclear BrdU staining was decreased in the PVN by 62.41 ± 27.83%, p \< 0.05 and by 41.91 ± 31.69%, p \< 0.05, respectively, as compared with mice kept on LFD. Thus, exposure to HFD decreases cell proliferation ([Figures 7](#fig7){ref-type="fig"}A and 7C). When the diet of male and female MC4R-HA ^+/−^ mice was switched from HF to LF, PVN BrdU staining increased to the same level as that of mice constantly kept on the LFD ([Figures 7](#fig7){ref-type="fig"}A and 7C). Thus, switching diet from HF to LF resumes cell proliferation in the PVN of male and female mice. Doublecortin (DCX) is a microtubule-associated protein transiently expressed in migrating neuroblasts and a suitable marker of neurogenesis in adult mice ([@bib4], [@bib12]). To determine whether, in male and female MC4R-HA^+/-^ mice treated with HFD, there is reduced neurogenesis of PVN neurons, we co-stained sections with antibodies against DCX and BrdU. In matching brain sections of male and female MC4R-HA ^+/−^ mice treated with HFD, the number of DCX- and BrdU-positive cells in PVN was decreased by 75.79 ± 19.93%, p \< 0.01 and by 69.46 ± 27.03%, p \< 0.01, respectively, as compared with those of mice kept on the LFD ([Figures 7](#fig7){ref-type="fig"}B and 7D, magenta arrowheads). Thus, HF feeding induces loss of neurogenesis in PVN. Conversely, when male and female MC4R-HA ^+/−^ mice with DIO were given LFD, DCX- and BrdU-positive cells in PVN were increased to the same levels as those of mice constantly kept on the LFD ([Figures 7](#fig7){ref-type="fig"}B and 7D). These experiments indicate that replacing HFD with LFD restores proliferation of neuroblasts and their migration to the PVN.Figure 7In the PVN of Male and Female MC4R-HA^+/-^ Mice Returned to Normal Weight After DIO, Neurogenesis Is Restored(A--D) Confocal microscopy of PVN sections of male and female MC4R-HA^+/-^ mice treated with LFD, HFD, and HFD to LFD. (A and C) PVN sections are immunostained with anti-BrdU and co-stained with DAPI, males LFD, n = 8; HFD, n = 7; HFD to LFD n = 8; females, LFD, n = 6; HFD, n = 7; HFD to LFD n = 7; number of cells with nuclear BrdU is derived from two MIP images per mouse; scale bars: upper, 60 μm; lower, 8 μm. (B and D) PVN sections are immunostained with anti-BrdU and anti-DCX, males LFD, n = 8; HFD, n = 8; HFD to LFD n = 8; females, LFD, n = 7; HFD, n = 6; HFD to LFD n = 8; number of DCX and nuclear BrdU-positive cells are derived from eight confocal images per mouse taken along the third ventricle (3V) with the 60× objective; scale bars: upper, 30 μm; lower, 16 μm. ∗p \< 0.05, ∗∗p \< 0.01. Data are represented as mean values +/- SEM.

In PVN of Male and Female MC4R-HA^+/-^ Mice Returned to Normal Weight after DIO, Expression of MC4R in Sim1/MC4R Neurons Is Recovered, whereas Loss of Non-Sim1/MC4R Neurons Persists {#sec2.7}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DIO decreases α-MSH protein abundance in POMC neurons of arcuate nucleus in male mice ([@bib36], [@bib43], [@bib53]). Here, we find that male MC4R-HA mice with DIO also have decreased α-MSH abundance as compared with that of mice kept on LFD (by 31.00 ± 20.32%, p \< 0.05), [Figure 1](#fig1){ref-type="fig"}A. Conversely, when the diet of male MC4R-HA ^+/−^ mice with DIO was switched from HF to LF, abundance of α-MSH in the arcuate nucleus was restored. Data indicate that, in MC4R-HA mice with DIO, injury to POMC neurons recovers upon switching diet from HF to LF. We have found that DIO induces loss of PVN neurons ([Figure 1](#fig1){ref-type="fig"}), but changing feeding from HF to LFD resumes neurogenesis ([Figure 7](#fig7){ref-type="fig"}). Here we asked whether, upon restoration of normal weight by dietary intervention, resumed neurogenesis would replace lost PVN neurons. Hypothalamic sections derived from male and female MC4R-HA ^+/−^ mice treated as in [Figure 6](#fig6){ref-type="fig"}A were stained with antibodies against the mature neuronal marker NeuN. The number of NeuN-positive cells in the PVN of male and female mice that were switched from HF to LFD remained decreased by 56.3 ± 19.5%, p \< 0.01 and by 61.7 ± 30.2%, p \< 0.01, respectively, as compared with that of mice kept on LFD for the entire duration of the study ([Figures 8](#fig8){ref-type="fig"}B and 8D). Thus, resumed neurogenesis upon dietary intervention is insufficient to reconstitute the normal population of PVN neurons in mice that returned to normal weight after DIO. DIO induces, rather than loss of Sim1/MC4R neurons, loss of MC4R protein ([Figures 1](#fig1){ref-type="fig"} and [5](#fig5){ref-type="fig"}). In the PVN of male and female MC4R-HA ^+/−^ mice that returned to normal weight after DIO, abundance of MC4R-HA protein was the same as that of lean mice fed with LFD for the entire duration of the study ([Figures 8](#fig8){ref-type="fig"}C and 8E). Thus, when mice with DIO return to normal weight, existing Sim1/MC4R neurons recover, thereby re-gaining the ability to express MC4R at the same level as mice never exposed to HF feeding.Figure 8In Male and Female MC4R-HA^+/-^ Mice Returned to Normal Weight after DIO, Expression of MC4R in Sim1/MC4R Neurons Is Recovered, Whereas Loss of Other PVN Neurons Persists(A) Arcuate nucleus sections of male mice treated with LFD (n = 7), HFD (n = 6), and HFD to LFD (n = 7) are immunostained with anti-α-MSH.(B--E) Confocal microscopy of PVN sections of male and female MC4R-HA^+/-^ mice treated with LFD, HFD, and HFD to LFD. (B and D) PVN sections are immunostained with anti-NeuN and co-stained with DAPI, males LFD, n = 5; HFD, n = 6; HFD to LFD n = 6; females, LFD, n = 6; HFD, n = 6; HFD to LFD n = 6. (C and E) PVN sections are immunostained with anti-HA and co-stained with DAPI, males LFD, n = 5; HFD, n = 6; HFD to LFD n = 6; females, LFD, n = 6; HFD, n = 6; HFD to LFD n = 6. Data in graphs are normalized and derived from two MIP images per mouse. Scale bars, 60 μm. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001; ∗∗∗∗, p \< 0.0001. Data are represented as mean values +/- SEM.

Discussion {#sec3}
==========

The work described here finds that, in male and female mice with DIO, Sim1/MC4R neurons of the PVN have decreased abundance of MC4R but are nevertheless able to survive and recover MC4R expression when normal weight is restored by dietary intervention. Differently, DIO decreases the number of non-Sim1/MC4R neurons in the PVN. When mice with DIO return to normal weight, neurogenesis resumes in the PVN but is insufficient to replace the non-Sim1/MC4R neurons that were lost because of DIO. These data suggest that obesity, even when reversed, may have a long-term effect of reducing the population of PVN neurons. Data suggest that selective survival of MC4R neurons makes them a preferential target to restore energy homeostasis and to prevent recurrence of obesity.

Mapping sites and mechanisms of hypothalamic injury taking place in mice and humans with obesity is considered essential to understand the current epidemic of the disease. We have previously found that HFD induces apoptosis and neuronal loss in the PVN ([@bib36]). However, it is not known whether such loss of PVN neurons extends to the population of PVN Sim1/MC4R neurons. Sapphire mice express GFP under the MC4R promoter, allowing for the identification of these neurons by immunofluorescence microscopy ([@bib29]). We find here that GFP expression by the Sim1/MC4R neurons is not affected by exposure to HFD. With this respect, lipid stress appears to have a milder outcome on abundance of GFP, which folds in the cytosol, rather than on MC4R, which folds in the ER. Thus, because the detection system to monitor Sim1/MC4R neurons of the PVN remains unaltered in DIO, Sapphire mice appear a useful model to monitor survival of these neurons. By counting the number of GFP-expressing cells in the PVN, we find that exposure to HFD does not reduce the number of Sim1/MC4R neurons. These data indicate that, within the PVN, at least the population of Sim1/MC4R neurons that expresses GFP survives, thereby indicating selectivity in neuronal injury by HFD exposure. Analysis of MC4R abundance has not yet been carried out in the murine hypothalamus with DIO, likely because of lack of antibodies to reliably detect endogenous MC4R at this location. In knockin mice expressing MC4R-GFP with the GFP tag at the C terminus, the tagged receptor could not be visualized in the PVN at low magnification ([@bib48]). Nevertheless, low-magnification microscopy is a useful tool to determine the distribution and abundance of proteins in brain. We have here generated novel knockin MC4R-HA^+/-^ mice, which express MC4R-HA with the small HA tag placed at the C terminus of the receptor. In these mice, MC4R-HA can be readily detected by using enzyme-linked immunofluorescence microscopy in Sim1/MC4R neurons of the PVN identified by genetically encoded GFP and mEGFP reporters expressed under the control of MC4R and Sim1 promoter, respectively ([@bib7], [@bib29], [@bib38]). When tested in neuronal cells, epitope-tagged MC4R-HA is able to generate cAMP with a similar EC~50~ as the WT MC4R and is thereby a functional receptor. In neuronal cells MC4R-HA has a predominant localization to clathrin-coated vesicles, similar to that of MC4R with the GFP tag at the C terminus. These data are consistent with MC4R being endocytosed ([@bib32]), a process that appears to take place irrespective of the receptor being tagged with HA or with GFP. Post-synaptic localization of endogenous MC4R has been reported to take place at synaptic spines of hippocampal neurons in primary culture, where existing antibodies can detect the receptor ([@bib47]). However, in the PVN, sites of α-MSH and AGRP release are predominantly at non-synaptic boutons of axons that extend from POMC neurons and AgRP neurons, respectively ([@bib3]). In addition to predominantly peptidergic release sites, axons of POMC neurons reaching the PVN have sites of neurotransmitters release at classical neurotransmitter excitatory synapses that have also few peptide-containing vesicles and connect to dendrites ([@bib3]). In addition to POMC neurons, fast-acting glutamatergic neurons that reside in the arcuate nucleus project from arcuate nucleus to the PVN to decrease appetite ([@bib1], [@bib20]). We find here that, in the brain of mice co-expressing MC4R-HA and mEGFP in the Sim1/MC4R neurons, neuronal processes extend both within the PVN and outside of the PVN. The longer neuronal processes from Sim1/MC4R neurons that travel from PVN through regions lateral to PVN appear morphologically as axons and have sites of MC4R expression. In Sim1/MC4R neurons, a fraction of tagged MC4R-HA co-localizes with the post-synaptic marker PSD95. When placed in primary hypothalamic cultures, Sim1 neurons identified by the genetically encoded reporter mEGFP extend one long process, thereby morphologically identified as an axon that has sites of PSD95 accumulation along its entire length. PSD95 is expressed in virtually all brain excitatory glutamatergic synapses ([@bib9]). Together, these observations suggest that a fraction of cell MC4R is localized to post-synaptic sites of excitatory synapses, which may exist along axons of Sim1/MC4R neurons that exit the PVN. Further work is required to determine which population of neurons establishes contacts with the Sim1-MC4R neurons at these sites. It has also been found that tagged MC4R-GFP localizes to primary cilia in a subset of hypothalamus neurons ([@bib48]). Together, these data indicate multiple cell localization of MC4R that include post-synaptic site and primary cilia, perhaps to convey different types of signals in response to agonist release.

MC4R-HA^+/-^ mice, similar to WT mice, increase their caloric intake and become obese when exposed to HFD and decrease caloric intake and return to normal weight upon dietary intervention, namely, replacing HFD with LFD ([@bib10], [@bib19]). POMC precursor is synthesized in the ER and processed to generate α-MSH in POMC neurons. DIO decreases α-MSH protein abundance in POMC neurons of the arcuate nucleus of male mice ([@bib13], [@bib36], [@bib43], [@bib44], [@bib53]). Conversely, male mice with DIO that have returned to normal weight by dietary intervention have restored leptin sensitivity in POMC neurons ([@bib19]). Consistent with these observations, we find here that MC4R-HA mice with DIO have decreased α-MSH and, upon returning to normal weight, restored abundance of α-MSH in arcuate nucleus. Therefore, MC4R-HA^+/-^ mice mirror effects of HFD delivery and withdrawal taking place in WT rodents. MC4R-HA^+/-^ mice appear as reliable models to study whether DIO and recovery from DIO modulate expression of MC4R in PVN neurons. By using MC4R-HA^+/-^ mice, we find that DIO induces profound loss of MC4R abundance specific to the PVN. Importantly, MC4R-HA^+/-^ mice that have returned to normal weight by decreasing their caloric intake after DIO have restored abundance of MC4R in the PVN. In male mice, the loss of α-MSH in POMC neurons, together with the decrease in MC4R abundance in the PVN described here, might cooperate to disrupt function of the melanocortin pathway, thereby promoting hyperphagia and obesity. However, under the same HFD conditions as male mice, female mice do not have decreased abundance of α-MSH ([@bib36] and [Figure 1](#fig1){ref-type="fig"}) but do have a reduced level of MC4R in the PVN and develop hyperphagia and obesity. MC4R in PVN is essential to control food intake and energy homeostasis ([@bib7]). These data suggest loss of MC4R as a predominant factor to promote increased caloric intake and obesity in female mice fed HFD. Glutamatergic Sim1/MC4R neurons project from the PVN to the parabrachial nucleus to regulate appetite ([@bib46]). Whether the population of PVN Sim1/MC4R neurons projecting to the parabrachial nucleus is the same as that found here to have decreased MC4R abundance upon exposure to HFD remains to be established. It has been reported that, in the PVN, Sim1/prodynorphin-expressing neurons, which do not express MC4R, function independently and additively with the Sim1/MC4R neurons to regulate appetite by projecting to the locus coeruleus ([@bib28]). Whether the population of Sim1/prodynorphin-expressing neurons of the PVN neurons is injured by exposure to HFD and whether it can recover when mice return to normal weight after DIO also remains to be established.

In DIO, MC4R signaling within the melanocortin pathway becomes over-responsive to α-MSH ([@bib22]) and to the synthetic MC4R agonist MTII ([@bib14], [@bib19]). A prominent feature of obesity is increased circulating saturated fatty acid with changes in brain lipids and increased liver fat ([@bib35], [@bib42], [@bib58]). Chronic exposure to MTII induces profound loss of MC4R signaling in neuronal cells ([@bib33]). We have modeled *in vitro* hypothalamic injury due to exposure to excess saturated fat by incubating immortalized hypothalamic neurons and neuronal cells with elevated palmitate. Under these conditions, lipid stress induces loss of MC4R abundance and decreases acute MC4R response to agonist ([@bib14], [@bib15]). Importantly, neuronal cells and immortalized hypothalamic neurons exposed to elevated palmitate have also impaired clathrin-dependent endocytosis of MC4R, thereby resulting in inhibition of MC4R desensitization both in response to α-MSH and to MTII ([@bib14]). Thus, in DIO, blunted receptor desensitization may explain why mice with decreased abundance of MC4R are hypersensitive to agonists.

A feature of neurodegenerative diseases, such as Alzheimer\'s and Parkinson\'s diseases, is disrupted mitochondrial function with defects in the function of Cox, the terminal enzyme complex of the respiratory chain ([@bib2], [@bib45], [@bib54], [@bib60]). Mitochondrial dysfunction in POMC neurons of the arcuate nucleus is also a prominent hypothalamic feature of obesity ([@bib40], [@bib43], [@bib56]). In the hypothalamus of mice with DIO, increased level of saturated fat induces inflammatory signaling in the microglia, which promotes mitochondrial dysfunction in POMC neurons residing in the arcuate nucleus ([@bib24], [@bib37], [@bib58], [@bib59], [@bib63]). We find that DIO induces in the Sim1/MC4R neurons of the PVN identified by genetically encoded GFP decreased cell content of CoxIV, thereby indicating mitochondrial injury. However, and differently than in the mediobasal hypothalamus, proliferation and activation of microglia does not take place in PVN ([@bib36]). On the other hand, we find here that direct exposure of neuronal Neuro2A cells to elevated palmitate is sufficient to decrease cell content of CoxIV, thereby mirroring mitochondrial injury by DIO in the Sim1/MC4R neurons. CoxIV contributes to the formation of proton electrochemical gradient across the inner mitochondrial membrane ([@bib11]). In this respect, we find here that exposure to elevated palmitate induces in primary hypothalamic neurons, together with the loss of cell CoxIV, also a decrease of overall cell mitochondrial membrane potential. These findings suggest that increased level of saturated fat in the hypothalamus of mice with DIO ([@bib58]) causes injury to the mitochondria of Sim1/MC4R neurons by a direct mechanism. Super-resolution microscopy allows detection of morphological mitochondrial changes in a large population of Sim1/MC4R neurons. By using this approach, we find here that, in addition to loss of cell COXIV abundance, there is also loss of cell mitochondria content and reduced extension of mitochondrial network. Together, these data indicate that, in DIO, Sim1/MC4R neurons have profound mitochondrial injury, which appears to be, at least in part, a direct consequence of exposure to excess saturated fat.

Because Sim1/MC4R neurons are damaged by exposure to HFD, we asked whether selective persistence of these neurons under DIO is due to their ability to regenerate and to replace lost neurons. Hypothalamic neuronal regeneration takes place from proliferating tancytes localized to the ependymal layer next to the third ventricle ([@bib41], [@bib64]). We find here that intraperitoneal delivery of BrdU at low dose for 1 week labels predominantly cells in the ependymal layer, consistent with this region being the niche of hypothalamic neurogenesis. We also find that BrdU-labeled cells are present in the PVN and that 15%--20% of the population of Sim1/MC4R neurons originates from cells that proliferated during the 1-week interval of BrdU delivery. These data suggest that, in healthy adult rodents, there is continuous basal renewal of Sim1/MC4R neurons. In DIO, regeneration of Sim1/MC4R neurons almost halts in the PVN of male mice. However, in male mice under HF feeding conditions, the size of the Sim1/MC4R neuronal population remains unchanged. Thus, under HF feeding, existing Sim1/MC4R neurons may persist for a longer time than those of male mice under LF feeding. In male mice with DIO, the drop in caloric intake takes place already in the first week after switching diet from HF to LF. Data suggest that, upon dietary intervention, recovered abundance of MC4R takes place immediately in already existing Sim1/MC4R and controls caloric intake. Consistent with this possibility, MC4R abundance appears fully restored 4 weeks after dietary intervention. Conversely, neurogenesis of Sim1/MC4R neurons continues in female mice exposed to HFD. Thus, it is possible that, in female mice with DIO, switching diet from HF to LF recovers control of caloric intake by a combination of factors, namely, Sim1/MC4R neuronal regeneration together with recovered MC4R expression in existing Sim1/MC4R neurons. Here, we also find that, in male and female mice with DIO, switch from HF to LFD prompts re-appearance of DCX- and BrdU-positive cells in PVN to the same level as that of mice treated with LFD. These data indicate that rodent PVN neurons can resume neurogenesis from proliferating cells after DIO. Nevertheless, DIO decreases the general population of non-Sim1/MC4R PVN neurons in male and female mice, as shown here and reported previously ([@bib36]). Moreover, neurogenesis after DIO does not repopulate the population of lost non-Sim1 PVN neurons when normal weight is re-gained. The concept that neurogenesis can take place in the adult human brain has recently been put into question ([@bib50], [@bib51]). In light of this, and together with the data presented here indicating selective survival of Sim1/MC4R neurons in DIO and ability to recover MC4R expression, these neurons present a preferential target of therapy to promote weight loss and prevent recurrence of obesity.

Limitations of the Study {#sec3.1}
------------------------

We did not identify which population(s) of non-Sim1/MC4R PVN neurons is lost upon exposure of mice to HFD. Further studies are required to identify these neurons. We did not determine whether the population of PVN Sim1/MC4R neurons that have decreased MC4R upon exposure to HFD includes the one that regulates feeding and projects to the parabrachial nucleus. Further studies are required to determine whether this is the case.
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All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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